Abstract. In this paper, we consider major ion energization mechanisms in the dayside cusp/cleft region. This includes transverse ion heating by ion cyclotron resonance (ICR), ion energization through structures of field-aligned electric potential drops, and transverse heating by lower hybrid (LH) waves. First, we present and discuss three typical cusp/cleft crossings associated with one of the first two mechanisms mentioned above. Then, we develop a procedure for finding the altitude dependence of ICR heating for any data set in the high-altitude cusp/cleft under the absence of field-aligned potential drops. This has been accomplished using a large set of numerical simulations from a two-dimensional, steadystate, Monte Carlo, trajectory-based code, as discussed in detail in the first companion paper (Bouhram et al., 2003) .
Introduction
The energization and outflow of ionospheric ions at auroral latitudes has been an area of active research over the past three decades, since it was first observed by Shelley et al. (1972) . Some recent reviews can be found in André and Yau (1997) and Moore et al. (1999) .
The dayside cusp/cleft region has been identified as the major source of ionospheric ions for the magnetosphere (Lockwood et al., 1985) . Inside these regions, the energetic, or non-thermal ion outflow is classified into beams and conics. Beams have a strongly field-aligned flux, and tend to be associated with acceleration through structures of fieldaligned potential drops. Conics have a peak flux in a direction oblique to the upward direction and are caused by transverse ion heating. The energized ions can then move up to the magnetic field lines and form conics in velocity space. Statistical studies on dayside ion conics pointed out that their temperature increases versus altitude, while their angle with respect to the upward direction (apex) decreases more slowly than expected from adiabatic folding (Peterson et al., 1992; Miyake at al., 1993) . Such results are consistent with a gradual heating of ions along the geomagnetic field lines. In some cases, transverse ion heating may be accompanied by a stage of parallel acceleration (Klumpar et al., 1984) . In that case, electron data may be used as a probe of field-aligned potential drops, as we will see in this paper.
Because all ionospheric species achieved non-thermal energies when observed in the cusp/cleft, transverse heating is caused by the perpendicular component of the electric field oscillating within some frequency range (André and Yau, 1997) . Recent statistical observations from the Freja and FAST (Lund et al., 2000) satellites pointed out that a major part of ion transverse heat-ing events are associated with an enhancement of the broadband, extremely low frequency (BBELF) wave turbulence. The BBELF turbulence covers frequencies from less than 1 Hz up to several hundred Hz, thus including the H + and O + O + gyrofrequencies at altitudes from about 1000 km up to a few R E . Its profile versus frequency generally exhibits a power law spectrum, which may be modelled by an index α. Many wave modes may be contained in the BBELF turbulence, such as narrow-band electromagnetic ion cyclotron waves (Erlandson et al., 1994) , electrostatic ion cyclotron waves (Bonnell et al., 1996) , slow ion acoustic waves (Wahlund et al., 1998) , and inertial Alfvén waves Dopplershifted by the satellite motion (Stasiewicz et al., 2000) . Recently, Angelopoulos et al. (2001) used three-dimensional electric field measurements to find the main component in the BBELF turbulence from cusp crossings by the Polar satellite at an altitude of 6000 km. After separating spatial and temporal variations, the authors pointed out that the main component is consistent with a two-dimensional turbulence, possibly generated by drift or shear instabilities, with phase velocities lower than the satellite velocity, wavelengths shorter than the ion gyroradii, and frequencies lower than ion gyrofrequencies. Therefore, this turbulence cannot heat the ions efficiently. Such a result implies that ion heating is probably induced by a minor component in the BBELF domain.
In terms of ion energization, the theory of ion cyclotron resonance (ICR) heating by the electromagnetic left-hand circular polarized (LHCP) component around the ion gyrofrequencies (Chang et al., 1986 ) seems the most plausible mechanism. Adopting a power law, altitude-dependent ion heating profile and computing Monte-Carlo simulations, many authors confirmed that only a small fraction of the wave intensity in the BBELF spectrum is needed to cause the observed ion energies through ICR heating (Retterer et al., 1987; Crew et al., 1990; André et al., 1990; Norqvist et al., 1996) . This paper reports on a statistical study of energization mechanisms in the dayside cusp/cleft using particle instruments aboard the Interball-2 satellite. The focus here is on seeking the altitude dependence of ion transverse heating for a large number of cusp/cleft crossings. Because wave measurements were unavailable during the exploration of Interball-2, we needed to develop a procedure describing how particle measurements may be used as constraints in determining the altitude dependence of the heating. The results of this method, independent from wave observations, may be then compared with those from the previous studies. The work has been accomplished on the basis of a large set of numerical simulations from a two-dimensional, trajectorybased code, as studied in detail in the first companion paper (Bouhram et al., 2003) .
The outline of the paper is as follows. In Sect. 2, we show two examples of data from Interball-2 associated with transverse ion heating, and where the presence of other acceleration mechanisms, such as field-aligned potential drops, may be ruled out. In contrast, we also present a case associated with field-aligned potential drops. The procedure of determining the altitude dependence of ICR heating is described in Sect. 3, and tested from the events shown in Sect. 2. Then, we apply the procedure to a large number of transverse ion heating events in the dayside cusp/cleft and present a statistical survey of the results. In Sect. 4, other mechanisms, such as field-aligned potential drops, or transverse heating by lower-hybrid waves, are studied qualitatively and their occurrence versus magnetic local time (MLT) is also discussed. A summary of our conclusions is given in Sect. 5.
Examples of transverse ion heating events
The Interball-2 satellite was launched on August 1996, into a 19 200 × 750 km orbit with 62.5 • inclination. During most of the activity period of Interball-2, the wave experiments were unavailable in the dayside cusp/cleft. Therefore, only particle experiments may be used to identify ion energization mechanisms. The Interball-2 satellite carries two particle instruments. The Hyperboloid ion mass spectrometer measures 3-D distributions of H + , He + , O + and O ++ ions at 1-80 eV (Dubouloz et al., 1998) . At thermal energies (<10 eV), ion measurements are often shielded because of the positive value of the satellite electric potential with respect to the plasma. Therefore, a filling-in procedure, similar to that used by Su et al. (1998) to correct polar wind measurements, has been developed in order to extend the measured distribution to low energy (Bouhram, 2002a) . The ION experiment provides energy spectra of H + , O + ions and electrons at higher energies (30 eV-15 keV) over two view directions, which rotate in the spin plane along with the satellite (Sauvaud et al., 1998) . Note when the satellite is in the auroral and polar regions, an angle appears between the geomagnetic field and the detectors spin plane. Therefore, the parallel and anti-parallel directions are not scanned. Usually, only pitch angles between 30 • and 150 • are scanned by the detectors. For these reasons, it is difficult to study ion beams at high energy (>100 eV). When studying ion conics, the same filling-in procedure as mentioned above has been applied to fit the missing portion in angle. From both experiments, ion distribution functions and moments of major species are recorded every spin period (120 s), by covering a continuous and wide energy range (1 eV-15 keV).
2.1 Transverse heating event 1 Figure 1 shows 40 min of data from a pass through the cusp around noon at about 2.5 R E altitude, during a period of moderate geomagnetic activity (K p = 2). At the beginning of the time interval, Interball-2 was on closed field lines, as evidenced by substantial H + flux with high energies (up to 10 keV) in Fig. 1b , accompanied by a denser, low-energy (<10 eV) component (Fig. 1c) . From about 21:26 UT, a sudden onset of transverse ion heating is detected from O + measurements. Right after the onset, the H + high-energy panel (Fig. 1b) shows a background population with a timeenergy dispersion, characteristic of magnetosheath injections ( Burch et al., 1982) . This observation, along with stronger, low-energy (< 200 eV) electron fluxes (Fig. 1a) , indicate that the observed heating region is associated with the polar cusp (Newell and Meng, 1988) . As Interball-2 travels poleward from the cusp, the observed conical distributions fold up, i.e. become more anti-field-aligned, while their mean energy decreases. This signature may be explained by a transverse ion heating occurring in a region of finite latitudinal extent, in combination with a poleward drift due to the magnetospheric convection (Horwitz, 1986 , Knudsen et al., 1994 . During this event, the orientation of the interplanetary magnetic field (IMF) is steady and southward (B x ∼ −2 nT, B y ∼ 0, and B z ∼ −4 nT), which is consistent with convection patterns that are antisunward directed in the polar cap. The outflowing ionospheric H + component is accompanied by a background population that represents the low-energy tail of the magnetosheath component. Depending on the flux intensities and the energy resolution, it is not always possible to separate the ionospheric component from the magnetosheath component.
Transverse heating event 2
Figure 2 shows 1 h of data from a pass through the dawn polar cap and cusp at about 3 R E altitude, during a period of high geomagnetic activity (K p = 6). At the beginning of the time interval, Interball-2 was in the polar cap and low energy outflowing ions are detected. During this event, the orientation of the IMF is steady and strongly southward (B x ∼ B y ∼ 2 nT, and B z ∼ −14 nT), which is consistent with convection patterns that are antisunward directed in the polar cap. This suggests that the ion heating, responsible for the observed outflow, occurs at a lower latitude in the dawn side (8.5-10.5 MLT) of the cusp/cleft region, with ions drifting into the dawn polar cap. As a result of the velocity filtering effect due to the convection drift, the mean energy of upflowing ion species increases as the satellite enters the poleward boundary of the cusp near 00:00 (UT). Once again, the cusp region may be detected from high-energy proton injections and intense, low-energy isotropic electron fluxes. The region is also correlated with elevated O + conics, with energies extending up to a few keV.
2.3 Event associated with field-aligned potential drops Figure 3 shows 30 min of particle data from a path through the dusk cleft and polar cap. The electron distributions (Fig. 3a) have characteristic energies that contrast with those observed during events 1 and 2. The signature in the electron spectrogram is typical of regions of field-aligned potential drops. An empirical model of such regions consists of assuming that the satellite crosses a zone of U-shape equipotential surfaces (Marklund et al., 1997; Carlson et al., 1998) . Due to a lack of temporal resolution, a detailed analysis of such structures is not possible using Interball-2 data. However, on the basis of particle spectrograms, we are able to identify two different regions. Around 20:10 UT, there is a large inverted-V structure marked by downgoing electrons carrying an upward current, and upgoing H + and O + ions. According to the presence of a field-aligned potential drop (upward electric field) below the satellite, the observed ion distributions have a similar mean parallel energy of about 160 eV. However, the presence of non-negligible perpendic-ular ion temperatures of about 100 eV indicates that parallel acceleration is accompanied by transverse ion heating along the field line. Just poleward of the inverted-V, after 20:15 UT, there is a downward return current region associated with downward DC electric fields. This region is indicated by upgoing electrons with a mean parallel energy of a few tens of eV. Inside the same time interval, between 21:15 and 21:21 UT, Fig. 3c and plots in velocity phase space (not shown) indicated the presence of warm upgoing H + conics with a downgoing component. This is a classical picture of the pressure cooker effect by Gorney et al. (1985) ; the downward DC electric field holds the ion down in a region of transverse heating until it achieves sufficient parallel energy via the mirror force to overcome the electric potential barrier. For a 1-D theory of the pressure cooker effect that calculates the magnitude of the DC electric field, see Jasperse et al. (1998) . Note that no downgoing component is detected in the low-energy O + spectrogram ( Fig. 3e) , probably due to a lack of instrument sensitivity, with O + fluxes being two orders of magnitude smaller than H + fluxes.
Altitude dependence of ion transverse heating

Procedure
In a first paper (Bouhram et al., 2003) , we developed a twodimensional, Monte Carlo, trajectory-based code for ion outflow from the dayside cusp/cleft, which is associated with transverse ion heating. A scheme of the simulation model is available in Fig. 1 of Bouhram et al. (2003) . In the model, the coordinate system in space is described by the geocentric distance s and an abscissa X, that represents the horizontal distance from the equatorward boundary of the heating region and is normalized with respect to its horizontal width . Because of the finite extent of the heating region, the effect of poleward convection drift ν p leads to a limited residence time t D = /ν p of ions when being energized. In the heating region, we modelled the effect of wave-particle interactions by a transverse heating through ion cyclotron resonance (ICR) from a BBELF power law spectrum assumed to be uniform versus altitude. Then, the altitude dependence of the ICR heating rate might be modeled as follows:
] denotes the heating rate for a type of ion i at the lower boundary distance s 0 , and α is the spectral index. We also defined a parameter w 0 proportional to ion heating rates at a reference s 0 . This additional parameter does not depend on the type of ion and is given by: The model allowed us to study the characteristics of ion conics at the poleward boundary of the heating region, along with the transport patterns of ion field-aligned flows in the polar cap, as functions of a reasonable number of simulation parameters (t D , w 0 , α).
Here, we developed a procedure in order to reverse the process, i.e. to find the altitude dependence of ion transverse heating from ion measurements at high altitudes (1.5-3 R E ) by the Interball-2 satellite during a large number of events. The procedure results in four stages that are summarized in the flow chart of Fig. 4 and are discussed in the following sections.
Stage 1
Because simulations have been computed in a coordinate system where horizontal scaling has a normalized unit, we need to determine as a first stage the location of the heating region along with its latitudinal extent. In Sect. 2, it has been shown that the location of the equatorward border of the heating region is obvious from the sudden onset of ion energization in spectrograms. On the other hand, the determination of the poleward heating boundary (PHB) requires a further analysis of energy and pitch-angle characteristics of ion distributions along the satellite track, as discussed in Sect. 3.2.1.
Stage 2
Next, before determining the parameters (w 0 , α) associated with the heating profile versus altitude, we need to estimate the residence time of ions t D inside the heating region, or the magnitude of the poleward convection drift u p . At the Interball-2 altitude, the convection drift (a few km/s) is much smaller than the typical ion upward velocities, and also much smaller than the change in velocity between two energy channels of the Hyperboloid instrument. Therefore, ion distributions cannot be used reliably for calculating u p . However, using simulation results, the estimation of t D is possible by investigating the dispersive patterns of ion upward velocities along the satellite track, as illustrated in Sect. 3.2.2.
Stage 3
Providing t D is known, the parameters (w 0 , α) may be determined from the perpendicular mean energy w ⊥ip and the
] of the observed ion conics at the poleward border of the heating region. In doing so, we have utilized a graphical method based on the results of a parametric study which established distribution patterns of w ⊥i and i in a w 0 − α diagram (Bouhram et al., 2003) .
Stage 4
Applying all the previous stages leads to an average solution (t D , w 0 , α) of the problem. Furthermore, the consistency of this solution may be tested by taking the parameters (t D , w 0 , α) as input to a simulation. Then, we can compare ion moment profiles from the simulation with those measured along the satellite track.
Results
In the following (Sect. 3.2), the four stages are worked out in detail, by being applied to the first two events described in Sect. 2.
Location of the poleward heating boundary
Figure 5 shows three O + , H + velocity distributions recorded by the ION experiment near the poleward edge of the heating region for the two previous data sets. In these plots, ion distributions are displayed versus increasing latitudes. In the first left-hand side two panels for both events, we observe ion conics with a net upward velocity component. This shape is consistent with transverse ion energization occurring over a wide altitude range up to the satellite orbit, with weakly heated ions (i.e. of lower energies) being spread out poleward from the heating region by the convection drift. In the middle plot for both cases, the observed ion conics are more extended at high energies in an oblique direction corresponding to an apex angle of 40-50 • . This is unlikely to support the scenario of a parallel acceleration by an upward DC electric field. Conversely, because intense electron fluxes are detected at moderate energies (< 200 eV) during both events (see Fig. 1 and Fig. 2) , the presence of a significant downward DC electric field may be ruled out.
The survey versus latitude of the recorded ion distributions allows us to locate the PHB accurately. For both cases, between the middle and the right-hand side plots, O + conics fold up, i.e. become more upward shifted by an amount in pitch angle of about 20-30 • . So far in the first companion paper, it has been pointed out that, because the particle's motion is adiabatic poleward to the heating region, the conical shape of ion distributions turns rapidly upward while the ion mean energy and temperatures fall down. Indeed, the satellite crossed the PHB between 21:32:45 and 21:33:45 UT at p ∼77.0 • , and between 23:58:55 and 23:59:55 UT at p ∼69.2 • for events 1 and 2, respectively. For both cases, this location also coincides with the poleward cusp boundary, as inferred from electron spectrograms with flux intensities (see Fig. 1 and Fig. 2) .
Providing the PHB is determined, the ion conic parameters at this location may be used as constraints to find out the altitude dependence of ion heating. Table 1 summarizes the ion moments at the PHB for events 1 and 2. When calculating the densities associated with those conics, it is necessary to include the missing portion at pitch angles close to the upward direction. In doing so, we developed an iterative filling-in procedure, assuming a bi-maxwellian distribution in the missing domain (Bouhram, 2002a) . It is obvious that a distribution having a conical shape cannot be entirely fitted by a bi-maxellian. However, this assumption is used only in order to correct the ion densities. Indeed, when the peak flux of the observed conics is at pitch angles lower than the upper limit scanned by ION, moments of first and second order (mean velocity, temperatures) are weakly modified. Usually, when adding the missing portion, the density increases from ∼10% up to ∼50%. In Fig. 4 , we have plotted the distributions after completing the filling-in process that extends phase-space density patterns in the domain not scanned.
For both ION and Hyperboloid experiments, there are other origins of uncertainties that may be estimated when calculating ion moments: the Poisson statistics error estimation ε 1 associated with the individual measurements (ion counts), the uncertainty ε 2 due to applying the filling-in procedure, the errors ε 3 and ε 4 associated with the limited resolution of the instruments in angle and energy, respectively. The fractional error due to counting statistics is approximately equal to the fractional error associated with the peak of the distribution, i.e. ε 1 ∼1/C i 1/2 where C i is number of counts. The error ε 2 corresponds to the difference between the measured and the corrected density. Hence, since the errors ε 1 and ε 2 are uncorrelated, the uncertainty in the density is equal to (ε 2 1 + ε 2 2 ) 1/2 . The errors associated with the apex angle and the mean energy are roughly equal to the instrument pitch angle and energy resolution ( θ, E), where the peak is detected (see Fig. 5 ), i.e. ε 3 ∼ θ and ε 4 ∼ E. Usually, the major uncertainty lies in those associated with the ion densities. But there still is a considerable uncertainty in the mean energy when the peak of the conic is located in the first energy channel, as it is often the case for H + ions.
Determination of the residence time
In the companion paper (Bouhram et al., 2003) , it has been pointed out that the dispersive patterns of ion upward veloci- ties, usually observed poleward to the heating region at high altitude, are entirely controlled by the parameter t D at horizontal distances higher than X ∼1.5. Figure 6 shows the upward mean velocities of ionospheric H + and O + ions as functions of X along the satellite track. The solid curves show the dispersive profiles u i [X(s)] for different values of t D as obtained from numerical simulations (Bouhram et al., 2003) . From Fig. 6 , it is clear that residence times of roughly 700 and 800 s are consistent with the data associated with events 1 and 2, respectively. For both events, the latitudinal width of the heating region is about 1.3 • that corresponds to a ground distance of 145 km. This implies a poleward ionospheric convection drift of about 210 and 180 m s −1 for events 1 and 2, respectively. Unfortunately, convection measurements from another source of data are unavailable during these periods to see whether our estimates are correct or not. One alternative possibility is to make comparisons with statistical convection maps inferred from many sources of ground and satellite measurements (Weimer, 1995; Ruohoniemi and Greenwald, 1996; Papitaschvili and Rich, 2002 ; to name just a few). However, let us note that such models based on the IMF are only statistically correct and cannot be used for a case study without risk of significant errors if modeling the horizontal transport of ionospheric ions. One critical aspect is that all available models depend heavily on many assumptions about the ionospheric conductivities when inferring convection maps (Papitaschvili and Rich, 2002) . Therefore, as also concluded by Papitaschvili and Rich (2002) , the development of a unified approach for the modeling of high-latitude convection from various sources of data is definitely needed. Regardless of this problem, we made graphical estimations of the poleward convection drift from the model of Ruohoniemi and Greenwald (1996) for a southward IMF orientation. We estimated a poleward drift of 200-300 m s −1 which is at least of the same order as those inferred from the velocity dispersion method. Figure 7 shows the patterns of w ⊥ip and ip at the PHB in a w 0 − α plane for the values of t D determined in Sect. 3.2.2 and the altitude of Interball-2. From the measurements of w ⊥ip and ip , as listed in Table 1 , we can determine graph- Fig. 7 . Graphical method used to determine the parameters associated with the altitude dependence of ion transverse heating.
Transverse heating profile versus altitude
ically the couple of parameters (w 0 , α) associated with the heating profile versus altitude. Because there are uncertainties in the estimation of w ⊥ip and ip , we find a domain of solutions centered around a mean solution. In Fig. 7 , we have represented by a colour surface the solution associated with the type ion (H + or O + ), and by a black surface the intersection between the solutions associated with H + and O + . The obtained mean solutions are (w 0 = 5 eV, α = 1.3) and (w 0 = 20 eV, α = 0.8) for events 1 and 2, respectively.
Additional test
The mean solutions of the heating profile versus altitude obtained for events 1 and 2 may be tested by being introduced as input to numerical simulations. The simulations are computed from the model described in Bouhram Table 2 , along with their values for both events. As onset to a simulation, we introduce a ionospheric ion source S i0 at z = 1000 km, characterized by a density n i0 and a flux J i0 , and a component S ie along the equatorward edge of the heating region with a density n ie at Interball-2 altitude z sat . This latest component allows us to reproduce the patterns of ion moments near the equatorward heating boundary. The value of n ie is inferred from Hyperboloid measurements just equatorward from the heating region, since there energization processes are less important. Therefore it is reasonable to assume that the density is inversely proportional to the cross-section area A(s) = (s/s 0 ) 3 of a magnetic flux tube, so as to satisfy the particle conservation law. The values of n i0 and J i0 are adjusted so as to reproduce the densities and fluxes observed at the Interball-2 altitude poleward from the heating region.
Figures 8 and 9 show the moment profiles versus X along the satellite track for events 1 and 2, respectively. In these plots, for a type of ion i, the fluence J i is defined by the product A(s) × n i (s, X) × u i (s, X) and J i w i corresponds to the energy density flux. The uncertainties represented by vertical lines correspond to those discussed in Sect. 3.1.1. The major uncertainty is those associated with the ion densities, with the uncertainty due to the limited angular and energy resolution of instruments being less important. The uncertainties are more important for J i and J i w i because these include all uncertainties mentioned above. For both data sets, the simulated ion moments follow the tendencies of those observed. A few disagreements are observed locally and may be explained by the assumption of a steady-state model associated with a finite number of parameters. In the simulations, the heating region is assumed to be uniform versus X (latitude). Therefore, non-monotonic variations in the observed ion moments cannot be reproduced without introducing inhomogeneous structures versus X. In the same way, spatial and time variations of the ionospheric ion fluxes and density convection drift may be expected to occur. However, observations by a single satellite do not provide enough information to include these effects.
Statistical survey
We selected 25 cusp/cleft crossings located between 10 and 14 MLT, and at altitudes ranging from z = 1.5 R E up to z = 3.0 R E . These cases are associated with steady IMF conditions during the transport of outflowing ions from the ionosphere up to the satellite orbit. When doing so, we expect to be in the case of a quasi-steady evolution process, where the heating region remains static and the convection patterns stationary. Here, the number of events is not sufficient for doing a detailed statistical study versus IMF. However, let us note that 80% of these events are associated with a negative B z component. Furthermore, we focused on cases where electrons of moderate energies (< 200 eV) are detected in the heating region so that the presence of field-aligned potential drops can be ruled out. The same procedure as described in Sects. 3.1 and 3.2 has been applied to these events. For 60% of the events, the separation between the H + conic and the component from the magnetosheath is not possible. Therefore, only O + measurements have been used as constraints to determine the parameters (w 0 , α) associated with transverse ion heating. Figures 10a and b show the occurrence distributions of the solutions (w 0 , α). We note that the solutions are spread versus α, but are still consistent with a heating profile that increases versus altitude. In Fig. 10 , the solutions follow a curve α = f (w 0 ) that reflects the power law shape of the wave spectra used in our model. In fact, the regions associated with voids correspond to heating profiles that lead to ion energies much weaker or stronger for being observed at high altitude (see, for example, Fig. 7 ). After integration, we found an average spectral index α = 1.1 ± 0.6 that corresponds to a heating profile proportional to s 3.3±1.8 . Furthermore, the inferred solutions (w 0 , α) in the range α = 1.1 ± 0.6 imply spectral densities S L in the left-hand polarized mode at the O + gyrofrequency f cO varying between 0.1 and 4.0 (mV/m) 2 Hz −1 at z = 3.0 R E (f cO = 0.6 Hz), and between 0.05 and 0.40 (mV/m) 2 Hz −1 at z = 8000 km (f cO = 5 Hz).
It is here important to compare our values inferred from ion observations with those typically observed in the dayside cusp/cleft from the wave data. Using electrostatic and magnetic turbulence observations over the auroral and polar regions from Hawkeye 1, Kintner (1976) reported that the BBELF turbulence is composed of a background component with a spectral index of 1.89±0.26 and an intense component of 2.80±0.34. Gurnett et al. (1984) also reported an index of 2.80 but do not give an error bar, while other studies dedicated to ion transverse heating (André et al., 1990; Lund et al., 2001) give values ranging from 1.0 to 3.0. Hence, our results ( α = 1.1 ± 0.6) do not completely agree with all the previous wave power studies. Recently, statistical results have been reported for altitudes up to 10 000 km using wave measurements from Akebono correlated with transversely heated ions (Kasahara et al., 2001 ), but there is no estimation of the spectral index. However, plots on the altitude distribution of the wave power at a frequency of 5 Hz, which corresponds roughly to f cO at z = 8000 km, pointed out that the wave power remains approximately constant versus altitude in the dayside cusp/cleft (Plate 5b of Kasahara et al., 2001) , ranging from about 9×10 −6 to 2.5×10 −5 (V/m) 2 Hz −1 . Also using Akebono data, a statistical survey of the low-frequency (0.2-4.0 Hz) electric field fluctuations around the mid-altitude (6000-10000 km) cusp/cleft has been reported by Miyake et al. (2003) . It was pointed out that the occurrence frequency of power spectral densities higher than 0.12 (mV/m) 2 Hz −1 at 4 Hz is about 20%, and large values up to 10 (mV/m) 2 Hz −1 (at 4 Hz) are obtained in the cusp/cleft. These latter values are from the same order up to 25 times higher than those inferred from our results in the range α = 1.1 ± 0.6 for the component responsible of ICR heating (0.05-0.40 (mV/m) 2 Hz −1 at 5 Hz). For solutions associated with α > 1.7, our inferred spectral densities correspond to lower values of w0 and are about more than 2 orders of magnitude smaller than those usually observed with Akebono. Here, it should be noted that the values observed with Akebono (Kasahara et al., 2001; Miyake et al., 2003) are surprisingly several orders of magnitude smaller than those published by Angelopoulos et al. (2001) in the cusp at 6 000 km with Polar (10 2 -10 4 (mV/m) 2 Hz −1 at 
z)
. A possible explanation is that finite wavelength effects (which tend to underestimate the wave power at wavelengths equal or lower than the probe separation distance) were removed only in the work of Angelopoulos et al. (2001) . These latter results suggest at least that more than one wave-mode is contained in the BBELF turbulence, and only a small fraction of the observed spectral densities may induce transverse ICR ion heating. Therefore, the most plausible way out of the dilemma related to the spectral index of the BBELF turbulence is that the mode responsible for transverse heating does not necessarily obey the same power law because it is a minor component.
In terms of global energy transfers, we may distinguish cases associated with a small index (α < 1) from with those associated with a higher index (α > 1). Statistically, cases where α < 1 correspond to a higher transferred power from the wave to the particles inside the heating region below the satellite. These latter cases are also associated with active geomagnetic conditions. As an example, we may apply the global conservation law of the energy density flux (see Eq. (25) of Bouhram et al., 2002a) to compare the transferred power P i associated with events 1 and 2. Graphically, the quantity P i is approximately equal to the area below the curve J i w i (X) in Figs. 8 and 9. For O + ions, we find P O ∼ 0.8 µW m −2 and P O ∼ 210 µW m −2 for events 1 and 2, respectively. Qualitatively, α is as high as w 0 is small. Therefore, ion energies are as weak at low-altitude as the number of ions that drift out of the heating region is high. This leads to a smaller energy density flux of ions at high altitude when α is high.
Influence of other ion energization mechanisms
Occurrence distributions of field-aligned potential drops
In Sect. 2.3, we have presented an ion energization event in the presence of field-aligned potential drops. In fact, the previous description of U-shape potential structures was oversimplified. In reality, the potential is expected to vary in space and in time scales smaller than the typical time of flight of ionospheric ions, as recently evidenced during cases associated with multi-satellite observations (Marklund et al., 2001) . In that case, our steady-state model is not applicable. Hence, if we consider a quasi-stable potential structure, the assumption of equipotential field lines, used to calculate the electric convection field at any altitude, may break down if parallel electric fields are higher than a few mV m −1 . In short, the resolution of the field-aligned potential structure is only possible in a self-consistent manner that is beyond the scope of the paper. However, we have studied the occurrence distributions of such structures versus MLT in the dayside cusp/cleft. Between January 1997 and March 1998, Interball-2 crossed the dayside cusp/cleft region at all magnetic local times between 8 and 16 h, and at altitudes ranging from 1.5 to 3 R E . Here, we have examined 224 cusp/cleft crossings by Interball-2, which have been classified into two categories. The first, named type C, is associated with ion conics and low-energy, isotropic-like electron spectra (< 300 eV) inside the heating region. The second, named type S, is associated with structures of field-aligned potential drops. As shown in Sect. 2.3, type S events combine regions of upward and downward acceleration, but with strong upward electric fields at high altitude. Hence, high electron energies in the downward direction are naturally observed in the region of upward parallel E-field and are greater than the electron energies observed in the region of downward parallel electric fields. The 25 events selected in Sect. 3. are included in the type C category. The event discussed in Sect. 2.3 is included in the type S category. We have identified 72 type-S events and 91 type-C events. For 61 events, electron energy spectra exhibit fluxes in a broad energy range (>300 eV) without positive δf/δE slope. These later cases have been mainly observed out of the noon sector and have been discarded in the study. Figure 11 shows the frequency of occurrence of type C and S events when grouped in one-hour MLT intervals. By far the most outstanding feature of these histogram plots is the maximum frequency of type C events around noon (10-14 MLT), while the occurrence of type S events increases in the dusk and down sectors and is insignificant around noon. This result is consistent with statistical studies of ion beams and conics from S3-3 (Gorney et al., 1981) , DE-1 (Kondo et al., 1990) , Akebono (Miyake et al., 1996) and Viking (Thelin et al., 1990; Øieroset et al., 2000) satellites. These studies pointed out that beams are the main contributor to the outflow pre-noon and post-noon (cleft), while conics are dominant around noon (cusp).
Lower-hybrid heating in the cusp
In the cusp region, waves near and just above the lower hybrid (LH) frequency f LH may be generated by so-called ring distributions, resulting from the precipitating magnetosheath ions (Roth and Hudson, 1983) . Since BBELF turbulence is available to pre-heat the ions up to non-thermal energies, LH waves may provide additional energization up to keV energies for O + ions at high altitude (Bouhram et al., 2002b) . On the basis of a statistical survey of Freja and FAST (Lund et al., 2000) data, there is less correlation between LH activity and ion conics than between BBELF enhancements and ion conics. In the paper of Bouhram et al. (2002c) , we studied a conjunction between the Interball-2 and the FAST satellite in the cusp, where LH heating turned out to be unusually important. Here, we summarize some results presented in Bouhram et al. (2002b) , and discuss the effect of LH heating on the observed distributions at the Interball-2 altitude from numerical simulations. It is possible to derive an velocity dependent expression of the ion heating rate associated with LH waves (Retterer et al., 1989; André et al., 1994) :
where S LH is the spectral density around the LH frequency f LH . The parameter V r denotes the phase velocity of the waves, where the heating rate is maximum, and is roughly equal to the perpendicular velocity V ⊥, where the perpendicular gradient of the ring distribution is maximum. Figure 12 shows the evolution of the LH heating rate versus V ⊥ . It turns out that only ions having velocities higher than 0.7 V r may be in resonance with LH waves. Since V r is about 100-200 km s −1 (Bouhram et al., 2002b) , the velocity threshold is higher than typical thermal ion velocities. Therefore, a preheating mechanism, for exampl, by ion cyclotron resonance, is required so that LH heating is able to occur. In the case study of Bouhram et al. (2002b) , it has been pointed out that the wave power contained in the BBELF turbulence is sufficient to pre-heat the ions. In that case and on the basis of Fig. 12 , LH heating may be effective up to velocities of about 1.6 V r . According to kinetic theories of LH heating (Brambilla, 1996) , the mechanism induces a flat tail at high energy on the heated ion distributions.
Owing to the lack of wave measurements in a continuous altitude range, it is not possible to infer an expression of the LH heating rate as a function of altitude. However, by modelling the transport of the injected magnetosheath protons down to the ionospheric cusp along geomagnetic field lines, it has been shown that the generated LH waves may act as an efficient heating mechanism between 2000 and 10 000 km in altitude (Bouhram et al., 2002b) . Then, we may assume that a LH heating profile verifying Eq. (3) is uniform versus altitude between 2000 and 10 000 km. are associated with denser fluxes of injected magnetosheath protons, it is not possible to detect the ionospheric H + component inside the heating region. For comparison, we have displayed the O + velocity distribution function recorded during event 2 around 00:00 UT (see Fig. 5 ). The effect of LH heating is evidenced by the presence of a flat tail in the observed distribution extending at energies up to 5 keV. In Fig. 13a , the tail is observed in a direction close to the upward direction ( O ∼ 20 • ), which is consistent with a LH heating occurring below the satellite altitude and followed by adiabatic folding. Here, we have computed a numerical simulation with the parameters for O + ions as listed in Table 3 . There is good agreement in Fig. 13 between the simulated distribution (red curve) in the poleward heating boundary and those measured by the ION experiment. This confirms that LH heating may contribute to strong ion energization in the polar cusp, providing a pre-heating by ion cyclotron resonance is sufficient at mid-altitudes (2 000-10 000 km). From 27 type-C events associated with steady IMF conditions, we have found only 2 cases where LH heating may be identified from the tail of the observed high-altitude O + conics, against 25 cases where gradual ICR heating is the dominant mechanism (see Sect. 3). This agrees with previous statistical studies by the Freja and FAST (Lund et al., 2000) satellites that suggest that LH heating is a mechanism of less importance because LH waves are poorly correlated with ion conic observations. Regardless of these statistical results, we could expect that, since the ring distribution of magnetosheath ions is almost permanently found in the cusp, the LH waves are supposed to always be excited and able to heat ions between 2 000 and 10 000 km. However, the high velocity of the ring (>50 km s −1 ) implies that O + ions have to achieve significant perpendicular energies (>200 eV) below 10 000 km so that LH can occur. When considering statistical results of ion conic energies in the cusp (see, for example, Miyake et al., 1993) , such energies are likely to be uncommon below 10 000 km and confirm that LH heating is a mechanism of less importance because of its high velocity threshold.
Effects at high altitude
Conclusions and future directions
In this paper, we have studied the occurrence probability and some characteristics of different ion energization mechanisms in the dayside cusp/cleft region. According to previous statistical studies by many satellites (Gorney et al., 1981; Kondo et al., 1990; Thelin et al., 1990; Miyake et al., 1996) , acceleration by field-aligned potential drops is very uncommon in the cusp (10-14 MLT), and is mainly associated with the cleft. Conversely, transverse heating by ion cyclotron resonance (ICR) seems the most plausible mechanism in the cusp, being able to explain the patterns of ion moments observed at high altitude by the Interball-2 satellite. In a few cases, ICR heating may be accompanied by LH heating in the mid-altitude cusp. Using moments of outflowing ions measured along the satellite trajectory as constraints, we have developed a procedure in determining the altitude dependence of ion transverse heating. From 25 cusp/cleft crossings associated with steady IMF conditions, we have established that the strength of the heating by ion cyclotron resonance increases gradually as s 3.3±1.8 , where s denotes the geocentric distance. We compared such dependence and the values of the wave power responsible for ICR heating with those of the BBELF spectra, as usually observed in the cusp/cleft (André et al., 1990; Angelopoulos et al., 2001; Kasahara et al., 2001 ). The results are consistent in the way that the wave-mode responsible for ICR heating acts as a minor component in the BBELF spectrum, since the inferred wave power values correspond to less than a few percent of those usually observed by wave experiments. We also noticed that the inferred power-law altitude dependence is also consistent with the previous statistical studies on the evolution of ion conics along the geomagnetic field lines up to s = 5 R E (Peterson et al., 1992; Miyake et al., 1993) .
These results then lead to the question of causality. On the basis of theoretical studies about current instabilities in the magnetosphere for a homogenous plasma (Kindel and Kennel, 1971) , current thresholds are too high, and these mechanisms may not operate over a broad altitude range. For an inhomogenous plasma, if sheared flows are present, as it is likely in the auroral region, the thresholds are significantly lower (Gavrishchaka et al., 1999 (Gavrishchaka et al., , 2000 . In these latter works, the instability mechanism has been described in a local limit and has been successfully applied only to observations in the nightside upward current region by FAST at an altitude of 4 000 km. However, the ability of this mechanism to occur in the cusp and to be responsible for a gradual heating of ions over a broad altitude range (at least up to 20 000 km) is still an open question. According to the previous points, because electric currents are usually weaker around the cusp region than anywhere else in the auroral zone Potemra, 1976, 1978) , we may expect that the source of free energy associated with transverse heating in the cusp is not local. Here, the most plausible source is Alfvén waves that are commonly propagating from the magnetopause down to the ionospheric cusp (Gurnett et al., 1984) . For parallel propagation, there are two polarized modes: the right-hand circular polarized mode (RHCP), often called compressional Alfvén mode, and the left-hand circular polarized mode (LHCP), often called the shear Alfvén mode (Ichimaru, 1973) . Peterson et al. (1993a, b ) studied a transverse ion heating event in the cusp associated with simultaneous observations by DE-1 at s = 4.5 R E and Akebono at s = 2 R E , in conjunction with measurements of magnetic field perturbations from a ground station. The authors reported the conclusion that locally measured plasma particles and fields, and magnetometer data were more consistent with an interpretation of the structure as that of a standing Alfvén wave than that of a steady field-aligned current layer. During this case study, from the polarization of the waves observed at two different altitudes, it has been pointed out that a fraction of the energy of the RHCP waves propagating down to the cusp was converted into LHCP waves by reflection at low altitude. Under the presence of a parallel gradient in the magnetic field, "downcoming" RHCP waves achieve a LHCP component at the crossover frequency, and may tunnel through a frequency gap to altitudes where they contribute to ICR heating (Johnson et al., 1989) . To study the idea of transverse heating by a LHCP component of propagating Alfvén waves from the magnetopause, simultaneous wave and particle measurements at several points in the midaltitude cusp and the magnetopause, such as with the Cluster mission, for example, will be needed.
